Abstract: European larch (Larix decidua Mill.) has been reported either as more tolerant or as more sensitive to drought than conifers with perennial leaves. Previous studies have revealed that Carpathian populations of European larch display a high genetic variability. A comparative study of the responses of these populations to drought stress at the seedling stage might allow the identification of drought tolerant genotypes and reliable drought stress biomarkers, which could be eventually used for the early detection of drought effects in larch, not only under control greenhouse conditions, but also in their natural stands. Growth responses were analyzed in larch seedlings from six Romanian Carpathian populations, submitted to one month of mild drought stress under controlled conditions. Levels of photosynthetic pigments (chlorophylls a and b, and carotenoids), osmolytes (proline and total soluble sugars), monovalent cations (Na + and K + ), and malondialdehyde (MDA) and non-enzymatic antioxidants (total phenolics and flavonoids) were compared with control treatments and between populations. Growth and the pattern of the biochemical responses were very similar in the six populations. Drought stress lead to stem length decrease in all population, whereas reduction of fresh weight of needles was significant only in one population (BVVC), and reduction of water content of needles in two populations (BVVC and GuHo). The optimal biochemical traits for an early detection of drought symptoms in this species is the increase-in most populations-of total soluble sugars, MDA, and total phenolic compounds, whereas K + reduction was significant in all populations. Photosynthetic pigments remained unchanged, except for the Anin population where they were reduced under stress. Multivariate principal component and hierarchical clustering analyses confirmed the impact of drought in the growth and physiology of European larch, and revealed that the humidity of the substrate was positively correlated with the growth parameters and the levels of K + in needles, and negatively correlated with the levels of MDA, total soluble sugars, total phenolic compounds, and flavonoids in needles.
Introduction
Drought, as a consequence of climate change, is a threat to many forest stands, which will have to cope with new adverse environmental conditions within their current natural habitats [1] [2] [3] [4] [5] . European coniferous forests are among those ecosystems forecasted to be susceptible to the effects of global warming; the negative ones such as drought and disturbance risk will probably outweigh the favorable effects of increasing atmospheric CO 2 and warmer temperatures [6] [7] [8] . In addition, deforestation and continuous soil degradation contribute to the acceleration of the climate change effects. The predicted environmental changes will affect natural areas of growth for a large number of tree species, but trees like other plants can respond in different ways. Existing forest stands may withstand these changing climate conditions for some time, but long-term responses might depend on the capability of species to adapt [6] . This capability can be determined by the variation within and between species in their physiological responses to changes such as water deficiency. A high phenotypic plasticity of forest species is essential for surviving stressful conditions [7] .
Depending on their intensity, the abiotic stress factors can have significant influences on wood formation. This impact not only is dependent on the tree species but also varies across provenances within a species [9] . Drought can significantly affect germination capacity of seeds, as well as the development of seedlings and also cause decrease of plant biomass of the coniferous species [10] . Prolonged droughts may inhibit the uptake of water and mineral nutrients by plants, induce carbon starvation, but also affect translocation of primary and secondary metabolites, and facilitate biotic attack [1, 11] .
Summer droughts and heat waves predicted for Central and Southern Europe bring new challenges for the conservation of European forests [12] . New measures should be implemented in order to mitigate the effects of deleterious environmental conditions such as drought. One such strategy would be the replacement of sensitive populations with more tolerant ones of the same species, which could potentially respond better to the forecasted climate changes during their life cycle [13] . In the case of coniferous species with a long life span, assessment of drought tolerance is more effective at the seedling stage, when a large number of genotypes can be screened in a relatively brief period. Moreover, seed germination and seedling development represents the bottleneck of the biological cycle of plants, and in trees, seedling survival is a key factor for tree recruitment, and evolution of forests [14] . There is an urgent need to increase our knowledge on seedling responses of forest species to drought in areas where future extensive drought periods are forecasted. Responses to drought are heritable but variable within populations of one species [5] , and are often being conditioned by the environmental conditions in which parental plants develop [15] . Therefore, for better management of forest stands, as well as for reforestation and afforestation programs, not only a genetic, but also a screening of the phenotype plasticity of different populations of the same species are highly recommended [16] .
European larch (Larix decidua Mill.) has a disjunctive distribution in Europe, with a center in the subalpine belt of the Central Alps, extending from southeastern France and southwestern Italy to eastern Poland and central Romania, in a large altitudinal range, from 160 m in the Polish lowland to 2900 m altitude in the western Alps [17] The total natural area of European larch in Romania is small, representing only 0.3% of the national forest area [18] , whereas in Europe it represents 1% of total forest and 4% of coniferous forest. On the other hand, in Romania as in many other European countries, European larch was introduced in many new locations outside its natural range, but also its native range has been extended by foresters [19, 20] . European larch has been traditionally used due to its high-quality wood, resistance to rot, durability, strength, and moderately high density, with excellent toughness and stiffness. Due to its fast growth rate, frugality, and pioneer characteristics, it is highly indicated in reforestation and afforestation programs. Besides its interest as an important timber species in Europe, L. decidua also has a high potential as an ornamental tree, much appreciated as being one of the few coniferous species with deciduous foliage with changing colors, frequently used not only in forest landscaping but also in many urban areas. The present study analyses responses to mild drought stress in seedlings of different Carpathian provenances of European larch. A previous study [21] in which these provenances were genetically characterized revealed that these populations, despite displaying high levels of heterozygosis at the individual level and variation among individuals within the same population, had a moderate degree of genetic differentiation, indicating that some alleles are more frequent in certain populations than in others. This genetic differentiation, albeit limited, may have important implications for adaptation to specific environments, as natural selection and other microevolutive forces may have favored the fixation or increase of frequency of certain adaptive alleles or genomic regions for adaptation to local conditions in the different populations evaluated. Due to global warming, drought represents an increasing threat for many Southern and Central European forest stands, including many of those located in Romania. The comparative analysis of the responses to drought in seedlings with different provenances, as well as among individuals, will allow the selection of genotypes better adapted to drought to be used in reforestation programs. The study could also provide useful information for management of parks and other green areas. The aim of the study was two-fold: (i) to assess the responses to drought in seedlings from six populations of L. decidua from the Romanian Carpathian Mountains; and, (ii) to identify the underlying biochemical traits related to these responses.
Materials and Methods

Plant Material
Plants were obtained by germination of seeds sampled from six genetically different populations of European larch [21] from Romania: Anina (Anin), Latorita (Lato), Gura Humorului (GuHo), Brasov Valea Cetatii (BVVC), Sacele (Sace), and Brasov Valea Popii (BVVP) (Figure 1 ). characterized revealed that these populations, despite displaying high levels of heterozygosis at the individual level and variation among individuals within the same population, had a moderate degree of genetic differentiation, indicating that some alleles are more frequent in certain populations than in others. This genetic differentiation, albeit limited, may have important implications for adaptation to specific environments, as natural selection and other microevolutive forces may have favored the fixation or increase of frequency of certain adaptive alleles or genomic regions for adaptation to local conditions in the different populations evaluated. Due to global warming, drought represents an increasing threat for many Southern and Central European forest stands, including many of those located in Romania. The comparative analysis of the responses to drought in seedlings with different provenances, as well as among individuals, will allow the selection of genotypes better adapted to drought to be used in reforestation programs. The study could also provide useful information for management of parks and other green areas. The aim of the study was two-fold: (i) to assess the responses to drought in seedlings from six populations of L. decidua from the Romanian Carpathian Mountains; and, (ii) to identify the underlying biochemical traits related to these responses.
Materials and Methods
Plant Material
Plants were obtained by germination of seeds sampled from six genetically different populations of European larch [21] from Romania: Anina (Anin), Latorita (Lato), Gura Humorului (GuHo), Brasov Valea Cetatii (BVVC), Sacele (Sace), and Brasov Valea Popii (BVVP) (Figure 1 ). Seeds were sown on a mixture of peat (50%), perlite (25%), and vermiculite (25%) and grown during the whole experiment in standard 1 L pots under the following controlled conditions: longday photoperiod (16 h of light), temperature of 23 °C during the day and 17 °C at night, and 50-80% relative humidity, in the greenhouses of the Institute for Plant Molecular and Cell Biology (IBMCP), Seeds were sown on a mixture of peat (50%), perlite (25%), and vermiculite (25%) and grown during the whole experiment in standard 1 L pots under the following controlled conditions: long-day [22] in the two-month growth period before applying stress treatments.
Plantlets with odd or irregular growth were discarded in order to maintain uniformity among the studied provenances. Plants of each provenance were then distributed at random in two treatments (drought vs. control), with five biological replicas per provenance and per treatment and placed in plastic trays (10 pots per tray). Those subjected to drought were not irrigated for the whole duration of the treatment, whereas the substrate of control plants was kept moist by watering twice per week with 1 L Hoagland's nutrient solution applied to each tray. After 30 days, treatments were stopped, seedlings were sampled, and the length of stems and the total weight of needles were measured. A fraction of the needles of each plant was oven-dried at 65 • C for 72 h and weighed again for the calculation of the percentage of dry weight (DW).
All measurements and biochemical assays were performed using leaf material, which was harvested at the end of the applied treatments. The effect of applied drought on plant growth was studied by measurements of stem length, total fresh weight (hereafter FW) of the needles, and water content percentage (WC) in the needles, calculated according to Al Hassan et al. [23] . Dry weight vapor pressure deficit and evapotranspiration in the above-mentioned greenhouse conditions were estimated according to standard calculations [24, 25] .
Substrate Analysis
Substrate humidity was determined by the gravimetric method: a fraction of each substrate sample was weighed (SW), dried in an oven at 105 • C until reaching constant weight, and then weighed again (DSW), and the substrate water content was calculated as
(1)
Quantification of Photosynthetic Pigments
Photosynthetic pigments, chlorophyll a (Chl a), chlorophyll b (Chl b), and total carotenoids (Caro), which are renown to be good stress biomarkers, were quantified from 0.05 g fresh leaf tissue by the method of Lichtenthaler and Wellburn [26] . Fresh leaf material was ground in the presence of liquid nitrogen, before being extracted in 80% (v/v) ice-cold acetone, by mixing overnight in an orbital shaker. The absorbance of the supernatant was measured at 663, 646, and 470 nm. Calculation of pigment concentrations was done according to the equations Chl a (µg mL
Chl b (µg mL
Caro (µg mL
Chlorophyll and carotenoid contents were finally expressed in mg g −1 DW.
Measurement of Cationic Needle Contents
Contents of sodium (Na + ) and potassium (K + ) were determined in the needles of all studied provenances. Measurements were performed according to Weimberg [27] ; the extracts were prepared by boiling 0.05 g of dried and ground needle tissue for one hour, after being extracted in water, followed by filtration through a 0.45 µm nylon filter. Na + and K + were quantified with a PFP7 flame photometer (Jenway Inc., Staffordshire, UK). 
Osmolyte Quantification
Two types of osmolytes known to play a key role in abiotic stress responses and tolerance were measured in the needles of the studied plants: proline (Pro) and total soluble sugars (TSS). For both osmolytes, the extracts were prepared from fresh leaf tissue. For proline, the ninhydrin/acetic acid method [28] was utilized. Samples of 0.05 g fresh material prepared in 2 mL of a 3% (w/v) sulfosalicylic acid solution, incubated for an hour at 95 • C, cooled on ice, were extracted with toluene. Absorbance was then measured at 520 nm, and Pro was calculated and expressed in µmol g −1 DW. On the other hand, total soluble sugars were measured according to Dubois et al. [29] . Extraction was done with 80% (v/v) methanol on a rocker shaker for 24 h, before having the supernatant mixed with concentrated sulfuric acid and 5% phenol. Absorbance was then measured at 490 nm. A standard curve was obtained with glucose solutions of known concentration, and TSS contents were expressed as 'mg equivalent of glucose' per gram of DW.
Measuring Malondialdehyde (MDA) and Antioxidant Compounds
Fresh leaf material (0.05 g) was extracted in 80% methanol, using a rocker shaker, for 24-48 h for malondialdehyde (MDA), total phenolic compounds (TPC), and total flavonoids (TF). MDA content in the extracts was determined according to the method described by Hodges et al. [30] . The samples were mixed with 0.5% thiobarbituric acid (TBA) prepared in 20% TCA (or with 20% TCA without TBA for the controls), and then incubated at 95 • C for 20 min. The absorbance of the supernatants was measured at 532 nm. The non-specific absorbance at 600 and 440 nm was subtracted and MDA concentration was determined using the equations described by Hodges et al. [30] . Total phenolic compounds (TPC) were quantified via the protocol of Blainski et al. [31] , based on the reaction with the Folin-Ciocalteu reagent and measurement of absorbance at 765 nm, using gallic acid (GA) as the standard. TPC concentrations were expressed as GA equivalents (mg eq. GA g −1 DW). Total flavonoids (TF) contents were also calculated spectrophotometrically, after reaction of the extracts with NaNO 2 , followed by AlCl 3 in the presence of NaOH, according to the protocol described by Zhishen et al. [32] . The absorbance was read at 510 nm using catechin as the standard. TF concentration was expressed as equivalents of catechin (mg eq. C g −1 DW).
Statistical Analysis
Data were analyzed using the program SPSS for Windows (SPSS Inc. Chigago, IL, USA). Before the analysis of variance, the Shapiro-Wilk test was used to check for validity of normality assumption and Levene's test for the homogeneity of variance. If ANOVA requirements were accomplished, the significance of the differences among provenances within each treatment was tested with a one-way ANOVA, followed by post hoc comparisons using the Tukey's HSD test at a significance level of p = 0.05. The pairwise comparisons between the control and stress treatments was performed using the calculated LSD value (p = 0.05) for the interaction between provenance and treatment in a two-way ANOVA. The mean values for combination of provenance and treatment were used for a principal component analysis (PCA). Hierarchical cluster analysis (HCA) and the corresponding heatmap were performed using the ClustVis tool [33] . Unit variance scaling for the normalized and centred data was used. Distance measures for the HCA were based on Pearson correlations, and the average clustering method with the tightest cluster first for the tree ordering option were used.
Results
Substrate Humidity
One month of irrigation withholding induced a reduction of more than half of the humidity of the substrate in all analyzed pots with respect to their controls. There were no significant differences between the different provenances either in the mean values of the control or of the drought treatments ( Figure 2 ). 
Growth Parameters
Mean seedling length varied significantly under control conditions, from 2.9 cm (provenance BVVP) to 5.3 cm (provenance BVVC) as can be seen in Figure 3a . One month of drought affected seedlings' growth, as the stem length of affected plantlets of five provenances showed a significant relative decrease in comparison to their respective controls ( Figure 3a ). The degree of this decrement, however, was not uniform in the studied provenances, as BVVP seedlings recorded a non-significant decrease of 12% in stem length under drought stress, whereas in the Lato provenance a 50% decrease was observed under similar conditions. In the remaining provenances, the stress-induced reduction of SL was roughly one-third. 
Mean seedling length varied significantly under control conditions, from 2.9 cm (provenance BVVP) to 5.3 cm (provenance BVVC) as can be seen in Figure 3a . One month of drought affected seedlings' growth, as the stem length of affected plantlets of five provenances showed a significant relative decrease in comparison to their respective controls (Figure 3a) . The degree of this decrement, however, was not uniform in the studied provenances, as BVVP seedlings recorded a non-significant decrease of 12% in stem length under drought stress, whereas in the Lato provenance a 50% decrease was observed under similar conditions. In the remaining provenances, the stress-induced reduction of SL was roughly one-third. Fresh weight of needles within each of the treatments varied among the provenances. Mean values of plants from the control treatment of BVVC doubled those from Anin. The same pattern of variation was found when comparing plants from the drought treatments. Regarding the way one month of absence of irrigation affected the plants, only differences registered in the BVVC provenance were significant (Figure 3b ). Expressed in percentages, this reduction ranges from about 35% in BVVC to 11% in Sace. Another investigated growth parameter was needle water content percentage (WC), that revealed near identical values in all water-stressed plantlets across the studied provenances, at around 77% (Figure 3c) . However, the reductions in WC compared to the corresponding non-stressed controls were slight, and statistically significant only in two of the analyzed provenances (GuHo and BVVC), suggesting that larch seedlings are relatively resistant to drought-induced needle dehydration or due to the mild level of drought stress. The vapor pressure deficit calculated for the greenhouse conditions during the whole experiment was of 0.87 kP, a value that corresponds to an optimal environment for a healthy transpiration of plants; evapotranspiration in the pots from the drought treatments ranged from 9.4 to 11.6 mL/day and plant/pot.
Photosynthetic Pigments
Photosynthetic pigments showed a small but significant variation among provenances, both in control and drought treatments (Figure 4 ), but drought induced a significant reduction of Chl a and Chl b only in plants from the Anin provenance (Figure 4a and b) . Caro showed only small, nonsignificant variations in all analyzed provenances (Figure 4c) . Fresh weight of needles within each of the treatments varied among the provenances. Mean values of plants from the control treatment of BVVC doubled those from Anin. The same pattern of variation was found when comparing plants from the drought treatments. Regarding the way one month of absence of irrigation affected the plants, only differences registered in the BVVC provenance were significant (Figure 3b) . Expressed in percentages, this reduction ranges from about 35% in BVVC to 11% in Sace. Another investigated growth parameter was needle water content percentage (WC), that revealed near identical values in all water-stressed plantlets across the studied provenances, at around 77% (Figure 3c) . However, the reductions in WC compared to the corresponding non-stressed controls were slight, and statistically significant only in two of the analyzed provenances (GuHo and BVVC), suggesting that larch seedlings are relatively resistant to drought-induced needle dehydration or due to the mild level of drought stress. The vapor pressure deficit calculated for the greenhouse conditions during the whole experiment was of 0.87 kP, a value that corresponds to an optimal environment for a healthy transpiration of plants; evapotranspiration in the pots from the drought treatments ranged from 9.4 to 11.6 mL/day and plant/pot.
Photosynthetic pigments showed a small but significant variation among provenances, both in control and drought treatments (Figure 4) , but drought induced a significant reduction of Chl a and Chl b only in plants from the Anin provenance (Figure 4a,b) . Caro showed only small, non-significant variations in all analyzed provenances (Figure 4c ). 
Cation Contents in Needles
Upon the drought treatment, mean Na + contents decreased in the needles of plants from all six European larch provenances (Figure 5a ), although the decrease with respect to the values measured in their respective controls was only significant in provenances Lato (28%) and BVVC (35%). Needle K + levels also decreased in response to drought, in plants across all studied provenances (Figure 5b ), and this reduction was significant in all provenances. It must be noted, however, that the K + control levels in needles were approximately double those of Na + . The decrement of K + contents with respect to control values ranged between 30% and 35% in the selected L. decidua provenances. 
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C WS * * * * * * Figure 5 . Needle cationic contents of six Romanian provenances of L. decidua after one month of applied drought stress (Mean ± SE, n = 5): (a) Sodium (Na + ) expressed in µmol g −1 DW; (b) potassium (K + ) expressed in µmol g −1 DW. Comparing provenances, different lowercase letters indicate significant differences between control plants, and different uppercase letters indicate significant differences between drought-affected plants, according to Tukey's test (α = 0.05). Asterisks indicate a significant difference between treatments within the same provenance, according to the LSD value for the interaction (p = 0.05).
Accumulation of Compatible Solutes
Pro concentrations varied significantly between provenances, both in control and stressed seedlings; within each provenance, however, Pro contents remained nearly unchanged in response to the water deficit treatment, except for a significant decrease in stressed plantlets of provenance Anin (Figure 6a ). On the other hand, TSS contents in the needles of water-stressed plantlets recorded a significant increase, as compared to the corresponding non-stressed controls, in all studied provenances except Anin and Sace (Figure 6b ). Provenances BVVC, BVVP, and GuHo showed the largest relative increase of TSS, nearly 40%, in comparison to their controls.
differences between drought-affected plants, according to Tukey's test (α = 0.05). Asterisks indicate a significant difference between treatments within the same provenance, according to the LSD value for the interaction (p = 0.05).
Pro concentrations varied significantly between provenances, both in control and stressed seedlings; within each provenance, however, Pro contents remained nearly unchanged in response to the water deficit treatment, except for a significant decrease in stressed plantlets of provenance Anin (Figure 6a ). On the other hand, TSS contents in the needles of water-stressed plantlets recorded a significant increase, as compared to the corresponding non-stressed controls, in all studied provenances except Anin and Sace (Figure 6b ). Provenances BVVC, BVVP, and GuHo showed the largest relative increase of TSS, nearly 40%, in comparison to their controls. 
MDA and Non-Enzymatic Antioxidants
MDA, a reliable oxidative stress biomarker, showed a significant increase in all studied provenances of European larch except in Anin and Sace, in response to the applied drought treatments (Figure 7a) , with BVVP recording the largest increase (ca. 53%) over its control levels (Figure 7a) .
Phenolic compounds, and especially the subgroup of flavonoids, include a large number of antioxidant metabolites, which plants can use to counteract the deleterious effects of oxidative stress. Total phenolic compounds (TPC) levels increased slightly, but significantly, under water deficit conditions in three of the studied provenances of European larch (GuHo, BVVC, and BVVP ( Figure   Figure 6 . Needles osmolytes contents of six Romanian provenances of L. decidua after one month of applied drought stress (Mean ± SE, n = 5): (a) Proline (Pro) expressed in µmol g −1 DW; (b) total soluble sugars (TSS) expressed in mg eq. glucose g −1 DW. Comparing provenances, different lowercase letters indicate significant differences between control plants, and different uppercase letters indicate significant differences between drought affected plants, according to Tukey's test (α = 0.05). Asterisks indicate a significant difference between treatments within the same provenance, according to the LSD value for the interaction (p = 0.05).
MDA, a reliable oxidative stress biomarker, showed a significant increase in all studied provenances of European larch except in Anin and Sace, in response to the applied drought treatments (Figure 7a) , with BVVP recording the largest increase (ca. 53%) over its control levels (Figure 7a ). 
Multivariate Analyses
A principal component analysis (PCA) was performed using all traits analyzed. The biplot of the two main principal components, is shown in Figure 8a . The first component accounts for 42.08% of the total variability and displayed positive correlations with substrate humidity; growth parameters (stem length, fresh weight, and water content); and with K + in needles with values above 0.25 for the correlation; as well as with the three photosynthetic pigments, Na + , and Pro, which displayed lower positive correlation values. This first component was negatively correlated with MDA, TSS, TPC, and TF (Figure 8a ). The second component, which explains a 26.67% of the variation is positively correlated (values above 0.1) with Pro and Na + , and negatively correlated with the photosynthetic pigments (Chl a, Chl b, and Caro), TSS, MDA, TPC, and WC. The rest of traits display absolute correlation values below 0.1 (Figure 8a ). The first component of the PCA clearly separated the control from the drought stressed plants, which respectively displayed positive and negative values for this first component (Figure 8b ). However, a larger dispersion was observed in this first component for the control plants than for those subjected to the drought treatment. In this way, the highest value for control plants in the first component was observed for provenance BVVC and the lowest for provenance Sace. When considering drought stressed plants, BVVC also displayed the highest values for this first component, and Anin and Lato the lowest (Figure 8b ). Regarding the second component, the highest and lowest values for the control treatment are those of BVVP and GuHo, respectively, whereas for the drought stressed plants the highest value is found in provenance Anin and the lowest again in provenance GuHo, but also in provenance Lato (Figure 8b) . Phenolic compounds, and especially the subgroup of flavonoids, include a large number of antioxidant metabolites, which plants can use to counteract the deleterious effects of oxidative stress. Total phenolic compounds (TPC) levels increased slightly, but significantly, under water deficit conditions in three of the studied provenances of European larch (GuHo, BVVC, and BVVP (Figure 7b) ). Regarding total flavonoid (TF) concentrations in the needles, they increased significantly, in response to the drought treatment, only in seedlings of the GuHo provenance, (Figure 7c ).
A principal component analysis (PCA) was performed using all traits analyzed. The biplot of the two main principal components, is shown in Figure 8a . The first component accounts for 42.08% of the total variability and displayed positive correlations with substrate humidity; growth parameters (stem length, fresh weight, and water content); and with K + in needles with values above 0.25 for the correlation; as well as with the three photosynthetic pigments, Na + , and Pro, which displayed lower positive correlation values. This first component was negatively correlated with MDA, TSS, TPC, and TF (Figure 8a ). The second component, which explains a 26.67% of the variation is positively correlated (values above 0.1) with Pro and Na + , and negatively correlated with the photosynthetic pigments (Chl a, Chl b, and Caro), TSS, MDA, TPC, and WC. The rest of traits display absolute correlation values below 0.1 (Figure 8a ). The first component of the PCA clearly separated the control from the drought stressed plants, which respectively displayed positive and negative values for this first component (Figure 8b ). However, a larger dispersion was observed in this first component for the control plants than for those subjected to the drought treatment. In this way, the highest value for control plants in the first component was observed for provenance BVVC and the lowest for provenance Sace. When considering drought stressed plants, BVVC also displayed the highest values for this first component, and Anin and Lato the lowest (Figure 8b ). Regarding the second component, the highest and lowest values for the control treatment are those of BVVP and GuHo, respectively, whereas for the drought stressed plants the highest value is found in provenance Anin and the lowest again in provenance GuHo, but also in provenance Lato (Figure 8b ). 8 . Loading (a) and score (b) plots for a principal component analysis (PCA) based on the first and second component, which respectively account for 42.08% and 24.67% of the total variability observed in six Romanian provenances of L. decidua from control plants (blue dots) or submitted to drought stress(red dots) after one month of initiation of the treatments. Subs H, substrate humidity; SL, stem length; FW, fresh weight; WC, water content; Pro, proline; TSS, total soluble sugars; Na, sodium; Chl a, chlorohyll a; chl b, chlorohyll b; caro, carotenoids; MDA, malondialdehyde; TPC, total phenolic compounds; TF, total flavonoids.
The hierarchical cluster analysis (HCA) performed together with the heatmap (Figure 9 ) confirmed the PCA results and revealed a clear separation of the control and drought-stressed plants in two main clusters. In addition,the cluster topology was similar under the two conditions ( Figure  9 ). For the traits measured, the HCA separated two main clusters: one which included TPC, TF, MDA, and TSS, and the other which included the rest of traits. TPC and TF were highly correlated, and the same occurred for MDA and TSS. In the other cluster, high correlations were observed between the The hierarchical cluster analysis (HCA) performed together with the heatmap (Figure 9 ) confirmed the PCA results and revealed a clear separation of the control and drought-stressed plants in two main clusters. In addition, the cluster topology was similar under the two conditions ( Figure 9 ). For the traits measured, the HCA separated two main clusters: one which included TPC, TF, MDA, and TSS, and the other which included the rest of traits. TPC and TF were highly correlated, and the same occurred for MDA and TSS. In the other cluster, high correlations were observed between the three photosynthetic pigments, and also between stem length (SL) and fresh weight (FW), as well as between WC, substrate humidity, and K + contents (Figure 9 ). 
Discussion
Drought is a major threat for the European forests that will affect practically all of Europe except the Scandinavian region, extending from 13 to 26 percent of the total area of the continent, compared to the reference period of 1971 to 2000; drought episodes will also last three to four times longer than in the past [34] . Forestry is at present demanding a good knowledge of the genetic and phenotypic traits of the plant material used in reforestation and afforestation programs, and clever management will represent an important tool in adjusting to the effects of global warming [35] . A shift towards more drought-tolerant species, or the use of drought-resistant provenances to enrich the local gene pools of forest stands are highly recommended in areas exposed to global warming [36] . European larch is a pioneer species, considered by some authors as more drought tolerant than other conifers [37] , due to its ability to maintain a high stomatal conductance at low water potential, whereas other reports indicate that L. europea is more sensitive due to its deciduous character and high transpiration rate [38, 39] . The results presented here indicate that the six provenances responded in a similar way to one month of lack of irrigation, and no correlation with the latitude or altitude of parental populations could be established, as neither in seedlings from the control treatment. On the other hand, the effects of drought were less pronounced than those detected when submitting seedlings with the same origin to salt stress [40] or those reported in spruce [41] . 
Drought is a major threat for the European forests that will affect practically all of Europe except the Scandinavian region, extending from 13 to 26 percent of the total area of the continent, compared to the reference period of 1971 to 2000; drought episodes will also last three to four times longer than in the past [34] . Forestry is at present demanding a good knowledge of the genetic and phenotypic traits of the plant material used in reforestation and afforestation programs, and clever management will represent an important tool in adjusting to the effects of global warming [35] . A shift towards more drought-tolerant species, or the use of drought-resistant provenances to enrich the local gene pools of forest stands are highly recommended in areas exposed to global warming [36] . European larch is a pioneer species, considered by some authors as more drought tolerant than other conifers [37] , due to its ability to maintain a high stomatal conductance at low water potential, whereas other reports indicate that L. europea is more sensitive due to its deciduous character and high transpiration rate [38, 39] . The results presented here indicate that the six provenances responded in a similar way to one month of lack of irrigation, and no correlation with the latitude or altitude of parental populations could be established, as neither in seedlings from the control treatment. On the other hand, the effects of drought were less pronounced than those detected when submitting seedlings with the same origin to salt stress [40] or those reported in spruce [41] .
Under artificial experimental conditions, the effects of abiotic stress, including drought, are generally assessed by measuring the degree of inhibition of plant growth. Faced with a situation of stress, plants divert resources (energy and metabolic precursors) from normal metabolism and biomass accumulation, to the activation of defense mechanisms, which causes the arrest or drastic reduction of growth [42, 43] . For this reason, differences in stem length, fresh weight, or dry weight of plants submitted to stress treatments-in comparison to those from control-are optimal for ranking genotypes according to their degree of stress tolerance [44, 45] , but they are not always obvious when dealing with slow-growth woody species. However, European larch has a fast growing rate compared to other conifers [46] and effects of one month of drought stress could be noticed in the reduction of stem length growth, as also reported under salt stress [47] . Early diagnosis of stress suffered by plants is of great importance to minimize deleterious effects of prolonged droughts [48] , but growth inhibition in a short time is difficult to assess in natural forest stands. On the other hand, conclusions based exclusively on growth parameters of young plants under greenhouse conditions cannot be extrapolated to the behavior of the adult trees in their natural environments. Therefore, the development of a set of biochemical markers of stress can be of great utility for early diagnosis [40, 41, [49] [50] [51] .
Photosynthetic pigments are pivotal for the vegetative growth and reproductive success of plants. They are diverse, however, and some like carotenoids and anthocyanins are known to play a role in photo-protection from oxidative stress resulting from various forms of abiotic stresses. There is a variation of photosynthetic pigments related to plants' phenology [52] , but their reduction under water deficit conditions is common due to the reduction of chlorophyll synthesis, the inhibition of primary enzymes involved in photosynthesis, but also due to their degradation by chlorophyllase [53, 54] , and has been reported in several coniferous species under drought stress [41, [55] [56] [57] [58] . The levels of photosynthetic pigments proved to be a reliable salt stress marker in European larch [40] . Under drought, pigment degradation of European larch was not accentuated and, in some populations, their levels even increased, but concentrations were correlated with the water content of needles.
In our previous work, in addition to photosynthetic pigments, several other biochemical parameters could be associated with the observed salt-induced inhibition of growth, increasing concentrations of Na + and Cl − , maintenance of K + levels, and accumulation of Pro and MDA in needles [40] . In this study, Na + did not increase under drought, but on the contrary decreased, as the plants reduced their absorption rate. K + was positively correlated with growth parameters and the humidity of the substrate, but its level decreased in the stressed plants, as under drought its diffusion towards the shoots is restricted.
Proline is one of the most common compatible solutes in plants, accumulated under different types of abiotic and biotic stresses. Besides its direct role in osmoregulation, Pro is involved in the protection of enzymes against denaturation and stabilization of protein synthesis, or may act as low-molecular weight chaperone, reactive oxygen species (ROS) scavenger or signaling molecule [59] [60] [61] . A strong increase in Pro under drought has been reported in many coniferous species, such as spruce [41, 62] , or pine [58, 63] , and fir [64] . In the genus Larix, a three-fold Pro increase has been reported in the hybrid L. x eurolepis when exposed to cadmium, or four-to seven-fold increase in L. decidua when exposed to salinity [65] . Exogenous Pro application improved tolerance to cold and salt stress in European larch [65] . However, in the present study, Pro concentrations measured in water-stressed plants were very low and practically did not change as we previously reported [47] , indicating that this osmolyte probably does not play a prominent role in the mechanisms of drought tolerance in plantlets of L. decidua or that the drought stress applied was very mild. Consequently, our data do not indicate that Pro is a suitable marker of mild drought-induced stress in this species.
Soluble sugars are primary products of photosynthesis, but their levels can also increase by remobilization from storage reserves in stem and roots and translocation to the leaves [66] . Different soluble sugars are common osmolytes in plants and an increment in their concentration in response to drought has been reported in the needles, sapwood, and inner bark of coniferous species [67] . Only a small significant increase was found in European larch seedlings submitted to salt, and not in all provenances [40] . The present findings indicate that they significantly increased in four of the studied provenances, but not in Anin and Sace. In the early stages or under mild drought stress, the concentration of TSS usually increases because growth declines earlier than photosynthesis [66] .
MDA, a reactive aldehyde generated by increased free-radical production is considered as a suitable biomarker of cellular oxidative stress [68] and was reported to increase under salt and drought stress in European larch [40, 47] . The results presented here indicate that it could be considered as a marker of mild drought stress in L. decidua, as it increased in all provenances except the two that were not so much affected by stress. Phenolics, especially flavonoids, are strong antioxidants in plants, belonging to the secondary ROS scavenging systems that are activated only when the activity of the antioxidant enzymes decline under severe stress [69] . In the provenances more affected by stress, total phenolics levels increased, whereas they were constant in Anin and decreased in Lato. Flavonoid variation showed the same pattern but differences were statistically significant only in the GuHo provenance.
As in other forestry species [70] , the separation of the control and stressed plants in the multivariate analyses indicates a clear effect of the drought stress treatment on the growth and biochemical parameters of the European larch. Both PCA and heat map proved to be reliable tools, indicating strong correlations between photosynthetic pigments (chlorophyll a, b and carotenoids), or between total phenolics and flavonoids, as flavonoids belong to the first larger category. MDA, a good indicator of oxidative stress, was mostly correlated with TSS, which appears to play a more important role than Pro in this species. On the other hand, growth parameters were related with each other and also with the levels of K + in the needles.
Conclusions
The six Romanian European larch provenances analyzed in this work withstood mild water stress, and only minor differences between provenances were found. The fresh weight practically did not vary and the reduction of the water content in the needles was not so strong, indicating a relative tolerance to dehydration of this species. Among the biochemical characteristics analyzed, photosynthetic pigments suffered only a slight variation, not related with the degree of tolerance of provenances. Proline also showed only a small variation and its concentrations were very low. The only suitable markers of mild drought stress in European larch could be the increase in total soluble sugars, MDA, and total phenolic compounds and reduction of K + . The variation among provenances suggests that some Carpathian populations of European larch may be promising for selection of materials with increased tolerance to drought. Funding: This research received no external funding.
